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Abstract
Background: Little is known about the influence of aerobic training on the neurohormonal
and hemodynamic responses to head-up tilt (HUT) and on autonomic balance at rest and after
exercise in optimally treated, low risk post-coronary artery bypass grafting (CABG) patients.
Methods: One hundred male patients, mean age 56 ± 6 years, 3 months after CABG, were
randomized to either 6-week training on cycloergometer, 3 times a week, at 70–80% of max
tolerated heart rate (HR) (training group, n = 50) or to a control group (n = 50). At baseline
and at the end of the study, all patients underwent: (1) cardiopulmonary exercise test with HR
recovery (HRR) assessment; (2) 60% HUT during which HR, blood pressure (BP), stroke
volume (SV by impedance cardiography) were monitored and blood samples were taken for
determination of plasma catecholamines and ANP levels, and plasma renin activity;
(3) assessment of HR variability (HRV) in the time and frequency domains at rest.
Results: During the final tests, HUT-induced changes in HR, BP, SV, cardiac output, total
peripheral resistance, and noradrenaline were significantly lower in training group than in
controls. In addition, after training faster post-exercise HRR, increased SDNN and a tendency
towards an increase in the high frequency HRV power spectrum were found.
Conclusions: Aerobic training improved neurohormonal and hemodynamic responses to
head-up tilt test and favorably modified sympatho-vagal balance in low risk post-CABG
patients. (Cardiol J 2013; 20, 1: 17–24)
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Introduction
Among mechanisms responsible for the favour-
able impact of exercise training on the outcome in
patients with coronary artery disease (CAD) could
be an improvement in the autonomic nervous sys-
tem function.
To date, only very few prospective studies have
assessed the influence of exercise training on sym-
patho-vagal balance in patients after coronary artery
bypass grafting (CABG), but not in low risk popu-
lation, using either heart rate variability (HRV) anal-
ysis during Holter monitoring or heart rate recovery
(HRR) measured immediately after exercise [1–6].
Moreover, there are no data on the effect of short-
-term aerobic training in patients after CABG on
neurohormonal and hemodynamic responses to an
orthostatic stress, such as head-up tilt table test
(HUT), which is thought to increase the sympathetic
nervous system activity [7].
Therefore, the aim of our study was to eva-
luate the influence of aerobic training on the neu-
rohormonal and hemodynamic responses to HUT
and on sympato-vagal balance at rest and after ex-
ercise in low risk, optimally treated post-CABG
patients.
Methods
One hundred twenty male patients with sta-
ble CAD who during 2005–2008 underwent off-
-pump CABG were considered eligible for the
study (Table 1).
The inclusion criteria were: CABG > 3 months
before recruitment, clinical stability for at least
2 months before the entry to the study, preserved left
ventricular (LV) function (ejection fraction —
EF > 50%). The exclusion criteria were: unstable
angina (< 3 months), congestive heart failure, un-
controlled hypertension, cardiac rhythm disturbanc-
es, chronotropic incompetence, history of vasova-
gal syncope, diabetes mellitus, chronic obstructive
pulmonary disease, peripheral vascular disease,
impaired renal or hepatic function, chronic inflam-
matory disease, chronic treatment with nitrate
and/or diuretics, lack of patient’s consent.
Table 1. Baseline clinical characteristics of the study groups.
Characteristics Control (n = 50) Trained (n = 50) P
Mean age [years] 56 ± 6 57 ± 6 NS
Smoking history 28 (56%) 25 (50%) NS
Current smokers 0 0 NS
Hypertension 22 (44%) 24 (48%) NS
Body mass index [kg/m2] 27.3 ± 3.1 27.6 ± 2.3 NS
History of angina [months] 43.5 ± 32 44.7 ± 39 NS
Post CABG period [weeks] 16.4 ± 0.8 17.1 ± 1.1 NS
Vessel disease:
1-vessel 4 (8%) 5 (10%) NS
2-vessel 12 (24%) 10 (20%) NS
3-vessel 34 (68%) 35 (70%) NS
Glucose [mmol/L] 5.2 ± 0.7 5.1 ± 0.7 NS
Total-C [mmol/L] 4.1 ± 0.9 3.8 ± 0.75 NS
HDL-C [mmol/L] 1.23 ± 0.26 1.22 ± 0.26 NS
Triglycerides [mmol/L] 1.44 ± 0.76 1.35 ± 0.59 NS
LVEF [%] 56.3 ± 8.8 57.1 ± 8.9 NS
Physical capacity (peak VO2) [mL/kg/min] 24.3 ± 4.0 25.1 ± 3.6 NS
Medications (%):
Beta-blocker 100 100 NS
ACE inhibitor 100 100 NS
Calcium channel blocker 88 88 NS
Statins 100 100 NS
Aspirin 100 100 NS
All values are presented as mean ± SD or percentages of the number of patients in each group; NS — non significant; CABG —  coronary artery
bypass grafting; C — cholesterol; LVEF — left ventricular ejection fraction; peak VO2 — peak oxygen uptake; ACE — angiotensin-converting enzyme
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All patients were in sinus rhythm and agreed
to maintain a stable level of physical activity dur-
ing the study. Medications were not altered within
4 weeks prior to the enrollment and throughout the
study.
The Institutional Ethics Committee approved
the study protocol, and an informed written consent
was obtained from each patient.
Study design
At entry, eligible patients underwent physical
examination, ECG, 2-dimensional ECHO, cardio-
pulmonary exercise test (CPET) with gas exchange
measurements, 24-h Holter monitoring (24-Holter),
passive HUT and blood sampling for laboratory
analyses.
Then, they were randomized either to a 6-week
aerobic training program (training group) or to
a control group, and the determinations such as
CPET, 24-Holter and HUT were repeated at the
conclusion of 6-week study protocol.
Biochemical measurements
Blood samples were taken for biochemical tests
between 8 and 9 a.m. after an overnight fast and rou-
tine measurements (e.g. blood glucose, lipid profile)
were performed immediately using standard labora-
tory techniques. In addition, plasma concentrations
of noradrenaline (NA), adrenaline (A), plasma renin
activity (PRA) and atrial natriuretic peptide (ANP)
were determined immediately after each HUT.
To measure plasma levels of NA, A, PRA and
ANP, blood was drawn into vacutainers containing
EDTA. Plasma was immediately separated by cen-
trifugation at 2000 × g for 10 min at 4°C and the
samples were frozen immediately and stored at
–70°C until analysis.
Plasma concentrations of hormones were de-
termined by radioimmunoassay used as follows:
tests produced  by BioSource Europe S.A., Belgium
(2 CAT RIA) for NA and A, CIS bio international
kit (France) for ANP and Immunotech Angiotensin
I Kit (Czech Republic) for PRA.
Echocardiography
At baseline, ECHO-2D was performed to de-
termine LV end-diastolic and end-systolic volumes
using a modified Simpson’s rule, from which LVEF
(%) was automatically calculated.
Cardiopulmonary exercise stress test
Details of the CPET protocol have been previ-
ously described [8]. Briefly, all patients underwent
symptom-limited CPET according to a modified
Bruce protocol, using a Schiller treadmill (Carroll-
ton, USA) with gas exchange analysis (600USB
CPX, ZAN Messgeräte GmbH, Germany).
The following variables were assessed: exer-
cise duration [min], heart rate (HR) [bpm] at rest
and at peak exercise, double product i.e. product of
HR and systolic BP [mm Hg/min] at rest and at peak
exercise, and peak oxygen uptake (peak VO2) [mL/
/kg/min].
In addition, HRR, i.e. the difference between
HR at peak effort and that measured in the first
(HRR-1) and second minutes (HRR-2) of the recov-
ery period, was assessed.
24-hour Holter monitoring with HRV analysis
24-h ECG was recorded with a Spacelabs Life-
card system (Spacelabs, Del Mar Reynolds, Hert-
ford, UK). Each recording began with a 15-min rest
in the supine position followed by 15 min of stand-
ing. The standard ECG analysis included assess-
ment of basal HR, occurrence of ventricular or su-
praventricular arrhythmias, ST segment depression
and atrioventricular blocks.
HRV indices were calculated after a prospec-
tive interactive ECG analysis, using the Impresa-
rio Space software (Del Mar Reynolds). The mea-
surements of HRV included time domain and fre-
quency domain indices. Within the time domain, HR
and standard deviation (SD) of all normal RR inter-
vals (SDNN) [ms] were assessed. The frequency
domain indices were calculated after fast Fourier
transformation of five 5-minute ECG segments,
recorded between 2 a.m. and 6 a.m. The highest and
lowest values were excluded, and the 3 remaining
values were averaged. The power spectrum densi-
ty of low frequency (LF): 0.04–0.15 Hz, high fre-
quency (HF): 0.15–0.4 Hz, and the low frequency to
high frequency ratio (LF/HF) were calculated.
Head-up tilt table test
After a 30-min supine equilibration period, an
upright posture with tilt angle of 60-degrees for
10 min was applied. During the test the following
variables were monitored: HR during continuously
recorded ECG, BP obtained with mercury sphygmo-
manometer, and stroke volume (SV), which was de-
termined by impedance cardiography. As described
previously, the system allows for the off-line, beat-
-to-beat evaluation of SV and HR [8–10]. Cardiac out-
put (CO) was calculated as a product of SV and HR.
Total peripheral resistance (TPR) was calculated by
dividing mean BP by CO. Before and after the test,
blood samples for plasma concentrations of NA,
A, PRA and ANP were taken from the antecubital vein.
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Training program
The program consisted of 60-min bicycle er-
gometer exercise sessions 3 times per week for
6 weeks. The exercise loads were applied in an in-
terval manner, i.e. 4-min exercise bouts separated
by 2-min rests in between with gradually increased
workload until 70–80% of maximal HR achieved
during CPET was reached.
Control patients were instructed to maintain
their habitual activities.
Statistical analysis
Continuous variables were tested for normal
distribution with the Shapiro-Wilk test and were
expressed as mean ± SD if normally distributed or
as percentages. Variables were compared using
Student’s t-test or analysis of variance for normal-
ly distributed variables, and for other continuous
variables the Kruskal-Wallis test was used, followed
either by the Mann-Whitney or the Wilcoxon rank
test, as appropriate. Comparisons for the discrete
variables between groups were performed using
c2 test. Correlations were determined with Pearson’s
or Spearman’s correlation test as appropriate.
P value < 0.05 was considered significant.
The analysis was performed using SAS statistical
software (version 8.02; Cary, North Carolina, USA).
Results
The study comprised male subjects with a sim-
ilar history of angina and a similar clinical status.
Of 120 clinically eligible patients, 20 patients
were excluded from the study (10 in each group)
because of administrative reasons. There were no
differences between the two study groups in re-
gards to baseline clinical characteristics (Table 1).
As evidenced in Table 2, no significant differ-
ences existed between the two groups in the base-
line values of A, NA, PRA and ANP measured at the
beginning and at the end of the study.
The findings of 24-Holter are shown in Table 3.
After a 6-week period, only in the training group
did minimum and average HR decrease significant-
ly. Moreover, SDNN as another index of the time
domain increased significantly in trained patients
comparing with controls. For the frequency domain
measures, although in the control group no signifi-
cant changes were found between baseline variables
and those assessed after 6 weeks, a tendency to-
Table 3. Results of the 24 h Holter monitoring with selected HRV measures in both study groups.
Control (n = 50) P Training (n = 50) P
Before After Before After
Average HR [/min] 67.8 ± 7.0 61.9 ±7.2 NS 69.1 ± 7.7 66.5 ± 7.8 < 0.05
Min. HR [/min] 53.0 ± 13.2 51.1 ±6.8 NS 53.5 ± 10.6 50.1 ± 6.9 < 0.05
Max. HR [/min] 104.3 ± 14.9 101.2 ±12.2 NS 105.9 ± 15.1 102.8 ± 16.9 0.07
SDNN total [ms] 119.7 ± 42.6 122.3 ±46.3 NS 122.8 ± 42.2 136.3 ± 49.2* < 0.05
LF [ms2/Hz] 284 ± 257 306 ±365 NS 288 ± 268 274 ± 263 NS
HF [ms2/Hz] 174 ± 144 186 ±174 NS 181 ± 157 227 ± 173 0.07
LF/HF 1.9 ± 1.4 2.1 ±1.5 NS 2.0 ± 1.5 1.7 ± 1.3 0.09
Data for SDNN, LF, HF and LF/HF were logarithmically transformed before analysis, however, only the original untransformed values are presented in
the Table. All values are presented as mean ± SD; NS — non significant; HR — heart rate; SDNN — standard deviation of all normal R wave to R wave
(N-N) intervals; LF, HF — low and high frequency spectral components of heart rate variability (HRV); *p < 0.05 changes of variables between groups
Table 2. Effect of exercise training on plasma hormone levels in both study groups.
Variables Control (n = 50) P Training (n = 50) P
Before After Before After
Noradrenaline [pmol/mL] 4.41 ± 0.34 4.67 ± 0.26 NS 4.39 ± 0.25 4.33 ± 0.26 NS
Adrenaline [pmol/mL] 0.35 ± 0.04 0.31 ± 0.05 NS 0.33 ± 0.04 0.35 ± 0.04 NS
Plasma renin activity [ng/mL/h] 0.96 ± 0.11 0.93 ± 0.12 NS 0.96 ± 0.13 0.98 ± 0.14 NS
Atrial natriuretic peptide [pg/mL] 42.1 ± 7.5 40.8 ± 6.2 NS 38.9 ± 4.9 41.0 ± 5.0 NS
All values are presented as mean ± SD; NS — non significant
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wards an increase in HF and decrease in LF/HF was
observed in the training group.
Moreover, even though no significant differ-
ences were found between trained patients and
controls in mean delta values of LF (D = –13.7 ± 186
vs. 21.9 ± 206.3, respectively), HF (D = –33.8 ± 157.6
vs. 14.6 ± 127.4, respectively) and LF/HF (D =
= –0.41 ± 1.6 vs. 0.34 ± 1.9, respectively), they
shifted in the opposite direction.
Table 4 demonstrates CPET data in patients
studied. Exercise duration, resting HR and the ob-
jective index of physical capacity, e.g., peak VO2
improved significantly only in the training group.
Moreover, a 6-week training program resulted in
a significant improvement in such variables of para-
sympathetic activity as HRR-1 and HRR-2 (21% vs.
12%, respectively, p < 0.05) in trained patients
comparing with controls.
Hemodynamic data during HUT are shown in
Figure 1. There were no significant differences in
any analyzed cardiovascular indices before initial
tests between the two groups. The HUT caused in-
creases in HR and diastolic BP and decreases in sys-
tolic BP in both groups, however, these changes
were significantly smaller at the end of final tests
only in the training group. Importantly, in the train-
ing group the decreases in SV and CO during the fi-
nal tests were smaller than in the control group (by
Table 4. Results of the cardiopulmonary exercise tests in the study groups.
Control  (n = 50) P Training  (n = 50) P
Before After Before After
Duration [min] 12.9 ± 1.6 13.3 ± 1.9 NS 12.5 ± 1.8 14.1 ± 1.6* < 0.05
Peak VO2 [mL/kg/min] 24.3 ± 4.0 25.7 ± 4.9 NS 24.9 ± 3.6 27.3 ± 4.5* < 0.05
HR at rest [/min] 65.6 ± 9.7 65.2 ± 8.2 NS 67.4 ± 10.9 63.8 ± 10.2* < 0.05
Peak HR [/min] 122.8 ± 15.9 126.3 ± 15.2 NS 123.0 ± 14.8 128.3 ± 15.7 NS
DP at rest [mm Hg/ 78.2 ± 15.1 77.9 ± 13.3 NS 79.1 ± 14.5 76.9 ± 13.9 NS
/min × 100]
peak DP [mm Hg/ 207.4 ± 47.3 214.3 ± 44.2 NS 209.5 ± 44.8 216.9 ± 45.7 NS
/min × 100]
HRR-1 [/min] 19.9 ± 8.2 18.9 ± 9.5 NS 19.5 ± 7.8 24.6 ± 9.1# < 0.05
HRR-2 [/min] 39.8 ± 8.9 39.7 ± 8.4 NS 38.8 ± 9.6 43.5 ± 10.1* < 0,05
All values are presented as mean ± SD;  NS, non significant; peak VO2 — peak oxygen uptake; HR — heart rate; peak HR — HR at peak exercise;
DP — double product, that is, product of HR and systolic blood pressure; peak DP — DP at peak exercise; HRR-1, HRR-2 — heart rate recovery in the
first and second minute after ending exercise test; *p < 0.05, #p < 0.02, changes of variables between groups
Figure 1. Heart rate and blood pressure (BP) at rest (R) and at the end of head-up tilt test (HUT) in the control and
training groups. Values are means ± SD; grey bars — initial tests; blue bars — final tests (after 6 weeks); *p < 0.05
— significant differences between values obtained before and at the end of HUT during the final test within each
group; #p < 0.05 — significant differences between groups during the final test.
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15% and 14%, respectively, p < 0.05) (Fig. 2). More-
over, the HUT-induced increases in TPR during the
final tests were significantly smaller in trained pa-
tients than in controls (12% vs. 24%, p < 0.01).
Figure 3 demonstrates plasma hormone con-
centrations at rest and at the end of HUT in both
study groups. There were no significant differenc-
es between the two groups in the resting plasma
levels of A, NA, PRA and ANP.
Although the orthostatic stress caused significant
increases in concentrations of NA and PRA at the end
of the first HUT in both study groups, at the end of
the study, the plasma NA level changed in the oppo-
site direction, e.g., decreased in trained patients and
increased in controls (–7% vs. 23%, p < 0.01). The
changes in the remaining hormones did not differ sig-
nificantly between the groups. There were no corre-
lations between the HUT-induced changes in the plas-
ma neurohormones (NA, A, PRA, ANP) and delta
hemodynamic parameters (HR, systolic and diastolic
BP, SV, CO, TPR) between trained and untrained
post-CABG patients, and in the whole group.
The health status was stable in all patients
during the study, and in none patient were there
any adverse effects of exercise training observed.
Moreover, none of the patients experienced pre-
syncope during HUT.
Discussion
This study provides a comprehensive insight
into autonomic control of cardiovascular (CV) sys-
tem function in low risk post-CABG patients who
underwent a short-term exercise training.
Our results strongly suggest that a 6-week
aerobic training on cycloergometer in patients with
stable angina and preserved LV function improved
not only their functional capacity as evidenced by
a significant increase of the peak VO2, but also de-
creased sympathetic nervous activity measured
during daily life and after provocation.
We used noninvasive techniques based on ECG
as indicators of such autonomic nervous system
activities as HR and HRV, which are thought to
reflect tonic baseline autonomic function, and HRR,
which primarily represents reflex vagal reactivity
after exercise stress test. Moreover, for the first
time the capacity of the CV to respond to sympa-
thetic stimulation during orthostatic stress such as
passive HUT was assessed. The assumption of up-
right posture leads to displacement of blood from
the upper to the lower body parts mainly to legs.
As a consequence, central venous pressure and SV
decrease, and HR increases secondary to vagal
withdrawal and sympathetic stimulation (via barore-
ceptors) [7].
In our study, the magnitude of sympathetic
nervous activity during HUT performed at the end
of the study was significantly lower in the training
group compared with controls.
We found that HUT-induced changes in HR,
systolic and diastolic BP were significantly smaller
at the end of final tests in trained patients than in
controls. Moreover, only in the training group were
Figure 2. Stroke volume, cardiac output and total peripheral resistance (TPR) at rest (R) and at the end of head-up tilt
test (HUT) in the control and training group. Values are means ± SD; grey bars — initial tests; blue bars — the final
tests (after 6 weeks); TPR is calculated as mean blood pressure [mm Hg] × 79.9/cadiac output [L/min], where 79.9 is
the conversion factor to dyn × s × cm–5; *p < 0.05, significant differences between values obtained before and at the
end of HUT during the final test within each group; #p < 0.05, ##p < 0.01, significant differences between groups
during the final test.
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the decreases in SV and CO smaller during the fi-
nal tests.
Furthermore, the HUT-induced increases in
TPR and NA during the final tests were significantly
smaller in trained patients than in controls. Thus,
even a short-term training was able to decrease
sympathetic activity and improve CV responses
after changing from supine to upright posture.
The mechanism of this favorable neurohormon-
al response to HUT in trained patients is unclear.
We did not find any significant correlations between
delta neurohormones and delta hemodynamic indi-
ces in trained versus untrained post-CABG patients.
We can only hypothesize that exercise therapy con-
tributed to better tolerance of orthostatic stress not
only by peripheral adaptation but also by improv-
ing cardiac functions.
The heart-rate profile during the standard ex-
ercise test has been shown to predict all-cause
mortality and cardiac events in patients with known
or suspected CV diseases [11–13]. Recently, it has
been reported that exercise training may improve
HRR in CAD patients [1, 2]. However, only very few
small studies have been conducted in post-CABG
patients and shown that HRR improved after exer-
cise training [14, 15]. Our results confirmed that HRR
measured not only in the first but also in the second
minute immediately after CPET improved signifi-
cantly only in trained post-CABG patients. This sug-
gest that HRR as a marker of reflex autonomic ac-
tivity was modifiable even after a 6-week supervised
exercise training. Moreover, since HRR is also re-
lated to peak HR, in patients without chronotropic
incompetence, it could be an expression of physical
capacity, as was the case in our trained patients.
Since impaired autonomic function, mainly de-
creased parasympathetic activity, has been report-
ed to occur after CABG, we performed the first
measurement of HRV after 3 months and did not
find any differences between the training group and
Figure 3. Plasma catecholamine and atrial natriuretic peptide concentrations, and plasma renin activity at rest (R) and
at the end of head-up tilt test (HUT) in the control and training group. Values are means ± SD; grey bars — initial
tests; blue bars — the final tests (after 6 weeks); *p < 0.05 — significant differences between values obtained before
and at the end of HUT during the final test within each group; ##p < 0.01 — significant differences between groups
during the final test.
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controls. It is noteworthy that after a 6-week exer-
cise training such time domain indices as minimum
and average HR, and SDNN improved only in trained
patients. For the frequency domain measures, a ten-
dency towards an increase in HF and decrease in LF/
/HF were noted only in the training group.
Moreover, mean delta values of LF, HF and LF/
/HF shifted in the opposite direction despite the lack
of significant differences between the study groups,
suggesting a greater than in controls modulatory
effect of exercise training on the sinus node.
To date, only very few studies have been con-
ducted in post-CABG patients, but not in low risk
population [1, 3, 4]. Despite the fact that research-
ers included only a small number of patients who
participated in different training programs starting
in the early postoperative period, they generally
reported that exercise therapy positively modified
HRV in post-CABG patients. Although the mecha-
nism of the beneficial effect of exercise training on
HRV is not clear, the findings to date suggest a shift
of the sympatho-vagal balance toward parasympa-
thetic dominance.
It is noteworthy that despite the fact that rest-
ing values of catecholamines did not differ between
trained patients and controls over the study peri-
od, an improvement in parameters of autonomic
function was observed only in the training group.
To the best of our knowledge, this is the first
study to show that a 6-week aerobic training on
cycloergometer in post-CABG patients with pre-
served LV function, who are already under optimal
treatment, had the potential to improve not only
their physical capacity but neurohormonal and he-
modynamic responses to orthostatic stress. More-
over, a short-term training appeared to be an effec-
tive intervention able to improve cardiac autonomic
regulation during daily life and after exercise.
Given that both autonomic balance and physi-
cal capacity are known to have an impact on prog-
nosis, individually programmed training sessions
should be advised to all CAD patients, especially
those after CABG.
Limitations of the study
Firstly, the results of this study can be applied
to a specific group of male patients after CABG and
at low prognostic risk.
Secondly, the medical therapy included beta-
blockers and angiotensin-converting enzyme inhib-
itors, which could affect markers of autonomic func-
tion. Moreover, a potentially beneficial interaction
between exercise training and antiadrenergic
therapy might occur.
Thirdly, cardiac function during HUT was de-
termined only non-invasively by an automatized
impedance cardiography method, which allows for
automatic evaluation of SV and HR.
Aside from the study limitations listed above,
the lack of determination of blood and plasma densi-
ty during orthostasis is one that has to be considered.
Conclusions
The study demonstrated that a 6-week aero-
bic training in low risk post-CABG patients with
preserved LV function, improved neurohormonal
and hemodynamic responses to orthostatic stress
and favorably modified sympatho-vagal balance dur-
ing daily life and after exercise.
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